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Weyl points are robust point degeneracies in the band structure of a periodic material, which act
as monopoles of Berry curvature. They have been at the forefront of research in three-dimensional
topological materials as they are associated with novel behavior both in the bulk and on the sur-
face. Here, we present the experimental observation of a charge-2 photonic Weyl point in a low-
index-contrast photonic crystal fabricated by two-photon polymerization. The reflection spectrum
obtained via Fourier-transform infrared (FTIR) spectroscopy closely matches simulations and shows
two bands with quadratic dispersion around a point degeneracy.
Over the past decade, topological materials have been
studied extensively in the hopes of harnessing properties
such as protection from defects and scatter-free trans-
port. The simplest topological systems in three dimen-
sions are Weyl materials, which possess a set of point
degeneracies in momentum space that act as sources of
Berry curvature [1], and are thus topologically protected
against perturbations to the system. In this sense, Weyl
points are analogous to magnetic monopoles in momen-
tum space and are associated with a quantized topologi-
cal charge. A direct consequence of their non-zero charge
is that perturbations that preserve periodicity cannot
cause a gap to open at the Weyl point but merely move
it around in the band structure. Moreover, these mate-
rials exhibit remarkable surface states that lie on Fermi
arcs connecting Weyl points of opposite charges. The
necessary conditions for the existence of Weyl points are
very general and only require breaking either inversion
symmetry, time-reversal symmetry or both. Since this
can happen in a wide range of systems, Weyl points have
been shown to exist in solids [2–9], microwave [10, 11]
and optical photonic crystals (PhC) [12], optical waveg-
uide arrays [13, 14], circuit-based systems [15], mechani-
cal crystals [16], phononic crystals [17, 18], metamateri-
als [19], magnetized plasmas [20] and can also be realized
using synthetic dimensions [21].
If a Weyl material has additional spatial symmetries,
it is possible for multiple Weyl points of the same charge
and between the same two bands to accumulate at high
symmetry points in the Brillouin zone leading to Weyl
points with a higher topological charge [22, 23]. For ex-
ample, a parity-breaking chiral woodpile PhC made of
stacked layers of dielectric rods (n = 3.4) has been pre-
dicted to have charge-2 Weyl points [24] that form due to
the presence of a screw symmetry. This symmetry pins
the location of the ±2 charges to high symmetry points in
the Brillouin zone of the PhC [23], which implies that as
long as the required spatial symmetries are present, these
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charge-2 Weyl points must continue to exist regardless of
index contrast. While other studies report findings of
higher-charged Weyl points, their implementations are
limited to macroscopic metallic PhCs that work in mi-
crowave frequencies [25] and acoustic structures [26].
In this letter, we report the experimental observation
of a charge-2 Weyl point in the mid-infrared regime in
a low-index (n = 1.52) chiral woodpile PhC fabricated
by two-photon polymerization and characterized using
angle-resolved Fourier-transform infrared (FTIR) spec-
troscopy. For such a low index contrast, there is only an
incomplete bandgap surrounding the Weyl point. Nev-
ertheless, we show that this is sufficient to directly ob-
serve the dispersion features associated with the Weyl
point in the reflection spectrum of the PhC. Further-
more, we numerically show the existence of topological
surface resonances, akin to Fermi arc states, associated
with Weyl points that exist in the absence of a bandgap.
The prospect of lowering the index contrast requirements
for topological photonic structures is of importance since
it can allow for readily accessible fabrication techniques
such as colloidal self-assembly and two-photon polymer-
ization as well as wider material choices.
The specific PhC we use to realize a charge-2 Weyl
point is a chiral woodpile as shown in Fig. 1 (a), whose
3D unit cell consists of four layers of rectangular rods
stacked on top of each other with a relative 45◦ in-plane
rotation. The width and height of the rods is 0.175a and
0.25a respectively, where a is the lattice constant in all
three directions. The spacing between the rods in the
45◦ and 135◦ layers is a/
√
2. The rods have a dielectric
constant (εrods) of 2.31, which corresponds to the ma-
terial used in the experiment. Using these parameters,
the band structure of our PhC is numerically calculated
using MPB [27], and bands 3 to 11 along Y−Γ−X are
shown in Fig. 1 (b). The degeneracy at Γ between bands
4 and 5 is the Weyl point of interest. These bands along
Γ−Z direction in the Brillouin zone are very close in fre-
quency but convergence tests show that the degeneracy
only occurs at the Γ point. To confirm the topological
nature of this degeneracy, we directly calculate its topo-
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2FIG. 1. Chiral woodpile PhC and corresponding band structure supporting a charge-2 Weyl point. (a) The chiral
woodpile structure made by stacking layers of rods with an in-plane rotation of 45◦ between layers. (b) Band structure along
Y−Γ−X showing bands 3 to 11. The Weyl point of interest is the degeneracy between bands 4 and 5 at Γ (blue circle). The
3D Brillouin zone of the PhC is shown in the inset. (c) Berry phase plot for band 4 around the Γ point. The double winding
indicates that the degeneracy has a topological charge of 2.
FIG. 2. Fabricated chiral woodpile PhC. FESEM im-
age of a parity-breaking chiral woodpile fabricated using two-
photon polymerization.
logical charge (Chern number) by using a discrete algo-
rithm to compute Berry phase (θB) given in Ref. [28].
The phase is calculated using magnetic field eigenmodes
from MPB on contours that are defined by constant kz
and enclose the Weyl point. The topological charge of
the Weyl point is the number of times the phase winds
around as a function of kz as shown in Fig. 1 (c). (see
supplementary material for full band structure and de-
tails on Berry phase calculation). A second Weyl point of
charge −2 and between the same two bands is located at
the R point in the Brillouin zone, which exhibits double
winding of Berry phase in the opposite sense. Since this
Weyl point is located below the light line of air and as
such is inaccessible without the use of gratings or high-
index fluids, we choose to measure the Weyl point at Γ
in our experiment.
For the experiment, we fabricate the chiral wood-
pile PhC by 3D lithography (direct laser writing, DLW
[29]) using a DLW instrument (Photonic Professional
GT, Nanoscribe GmbH), which employs two-photon-
polymerization of a liquid negative tone photoresist (IP-
DIP, Nanoscribe GmbH) (n = 1.52). Here, we use DLW
in dip-in configuration [30], where the microscope ob-
jective (63x, NA=1.4) for DLW is dipped into the pho-
toresist applied below the fused-silica substrate. The 3D
structure is then written layer by layer starting from the
bottom surface of the substrate by moving the micro-
scope objective in z-direction. The structure is developed
in propylene glycol monomethyl ether acetate (PGMEA)
for 20 minutes and then developed in isopropanol for 3
minutes. The thickness of the rods is controlled by vary-
ing number of superpositions of individual laser writing
for each rod [31]. The sample has a lattice constant of 4
µm and rod width and height equal to 700 nm and 1 µm
respectively. We fabricate 20 unit cells in the z-direction
(80 layers) and 250 unit cells in x and y directions. An
image of one such sample taken by field emission scan-
ning electron microscopy (FESEM) is shown in Fig. 2.
Reflection measurements are carried out using the
Bruker Vertex 80 FTIR spectrometer at wavelengths
ranging from 4.2−6 µm with the frequency resolution set
to 8 cm−1. A variable angle reflection accessory (Seag-
ull) is used to observe the angle-resolved spectra from
0◦ to 15◦ along the Γ−X direction with a resolution of
1◦. The data for −15◦ to 0◦ is identical to the data for
the corresponding positive angles since the structure is
invariant under 180◦ rotational symmetry about the z-
axis and hence we only measure data for positive angle
and reflect it for negative angles. A polarizer is used at
the output port to obtain spectra for 0◦ (s-), 45◦ and
90◦ (p-) polarizations. The spectrum is normalized to
the maximum value of reflection for each angle and in-
terpolated. The results from the experiment are shown
in Fig. 3 (a), (b) and (c). We also numerically simu-
3FIG. 3. Observation of the charge-2 Weyl point in the reflection spectra of the chiral woodpile PhC. (a), (b), (c)
Experimentally measured angle-resolved FTIR reflection spectra for 90◦ (p-), 0◦ (s-) and 45◦ polarizations respectively. The
dotted lines in all plots are Weyl bulk bands from MPB. (d), (e), (f) S4 (RCWA) simulation of the angle-resolved reflection
spectra for all three polarizations.
late the reflection spectrum using rigorous coupled-wave
analysis (RCWA) as implemented in S4 [32] where pe-
riodic boundary conditions are imposed in the lateral
directions and the structure is finite in the z direction
having 20 unit cells. The simulation results are shown
in Fig. 3 (d), (e) and (f) for comparison. As can be
seen, the simulated and experimentally obtained spec-
tra match very well and show sharp quadratic bound-
aries separating reflective and transmissive regions that
match each of the two relevant bulk Weyl bands in or-
thogonal polarizations. As expected, the measurement
for 45◦ polarization is a superposition of measurements
for s- and p-polarizations and shows clear signatures from
both bands forming the charge-2 Weyl point at the de-
generacy. Since the PhC has low index-contrast, there is
no complete band gap around the Weyl point, and there-
fore this relatively unobscured direct observation war-
rants further explanation.
When probing reflection through the chiral woodpile,
we make the assumption that the sample is effectively
infinite in the x and y directions (parallel to the sur-
face) and truncated in the z-direction; we thus examine
the projected band structure, since kz is no longer con-
served (but kx and ky still are). As such, the projected
band structure consists of states with both kz = 0 and
kz 6= 0 projected onto the (kx, ky) plane. Thus, even
though the Weyl point exists in an incomplete band gap
in the 3D Brillouin zone of our chiral woodpile PhC, in
the projected band structure there are states from other
bands which are now degenerate with the Weyl point in
frequency and with the same kx and ky, and one may
expect that these overlapping states would obscure the
signature of the Weyl point in the reflection spectrum.
However, the agreement we observe between the 3D band
structure calculations (Fig. 1 (b) and dashed lines in Fig.
3) and the reflection spectrum (Fig. 3) suggests that this
measurement is relatively insensitive to these overlapping
states. To further explore this feature in our results, we
calculate the modal overlaps between s- and p-polarized
plane waves and the Bloch modes of the PhC. Two pa-
rameters are defined using these modal overlaps which
measure the polarization of the Bloch modes and the
overall in-coupling of an arbitrarily polarized plane wave
[34–37]. These parameters indicate that the modes with
kz 6= 0 in the projected band structure, that would have
otherwise obscured the observation of the Weyl point, ei-
ther have a polarization mismatch with the incident light
and/or have inefficient mode in-coupling. This leads to
the observed features in the reflection spectrum wherein
the boundaries of highly reflecting regions correspond to
the kz = 0 Weyl bands (see supplementary material for
a detailed analysis). More generally, this kind of polar-
ization analysis can be useful for any low-contrast PhCs
where the projected band structure is insufficient to infer
the origins of spectral features from the band structure.
The topological charge associated with Weyl points
4FIG. 4. Surface states associated with the Weyl point at R (a) The kz-projected band structure for the truncated chiral
woodpile PhC (εrods = 12, rod width = 0.175a, rod height = 0.25a) along a loop enclosing the M point with radius 0.15 (2pi/a)
and parametric angle 0 ≤ t/2pi ≤ 1. Solid colors are projections of bulk bands, the solid red and blue lines are surface states
localized to the top and bottom surfaces respectively and the black dotted line marks the frequency of the Weyl point. (b)-(c)
Magnetic field intensity of the surface state at t/2pi = 0.25 for εrods = 12 and 8 respectively. (d) Magnetic field intensity of the
surface resonance for εrods = 6 calculated using FDTD method as implemented in MEEP [33].
gives rise to Fermi arc-like surface states which are a di-
rect consequence of the bulk-boundary correspondence.
However, at low dielectric contrast, as in the present
experiment, the overlapping states and the lack of a
bandgap imply that any surface states associated with
the Weyl points are leaky resonances that are degenerate
with bulk eigenstates of the PhC. Even at high dielectric
contrast, the surfaces states associated with the Weyl
point at Γ are resonances for two reasons: (1) When the
structure is truncated, surface states lie above the light
line of air and confinement on this side requires a triv-
ial bandgap material and (2) the dispersion of the bands
for our structure does not allow the opening of a local
bandgap around the Weyl point. We have found that
such resonances (if present) are too broadened by leak-
age to be observable for the index contrast of the pho-
tonic crystal used here. However, both these issues are
resolved when examining a high-contrast version of our
PhC, in the vicinity of the charge −2 Weyl point at R
[kx = ky = kz = 0.5 (2pi/a)], which we consider for the
following numerical analysis.
In a chiral woodpile PhC with εrods = 12 and trun-
cated in the z-direction, we examine the surface band
structure along a circular loop enclosing the projection of
the Weyl point [26, 38]. This loop has radius 0.15 (2pi/a)
and is parametrized by an angle 0 ≤ t/2pi ≤ 1. The sur-
face band structure as plotted in Fig. 4(a) reveals the
existence of Fermi arc surface states in the non-trivial
gap formed along the loop. Due to the bulk-boundary
correspondence, the number of these surface states that
cross the bulk band gap is equal to the Chern number of
the enclosed degeneracy, which in this case is −2. The
sign corresponds to the direction of motion of the surface
states. The magnetic field intensity of the surface state
localized to the top edge is plotted in Fig. 4(b), which
shows strong confinement to the PhC-air interface. We
repeat these calculations for progressively smaller values
of dielectric contrast and find that a local gap fails to
open at εrods ∼ 6 around the loop considered here and
at εrods ∼ 5, a local gap fails to open for a loop of any
radius. Examining the field intensity profile from a finite-
difference time-domain (FDTD) simulation [33], shown in
Fig. 4(d), reveals that at εrods = 6, the surface state is
now a leaky resonance with a Q ∼ 103. As we can see, the
confinement of the surface state relies on the existence of
at least a local bandgap, which heavily depends on the
dielectric contrast (see animated file in supplementary
material). For the dielectric contrast of our experiment,
namely εrods = 2.31, the resonances have broadened suffi-
ciently to be effectively unobservable. On the other hand,
changing the dielectric contrast does not break the screw
symmetry in our structure and as such does not affect
the existence of the Weyl points, whether at the Γ or
R-points. Therefore, although the surface states in our
low-contrast PhC have turned into resonances that ex-
tend into the bulk, the charge ±2 Weyl points have a
5continued existence due to their symmetry protection.
To summarize, we have presented the observation of
a charge-2 Weyl point in a 3D PhC in the mid-infrared
regime. The fact that we have used a relatively low re-
fractive index polymer opens the door to exploring 3D
topological phenomena in the IR and into optical fre-
quencies, where very high-index, low-loss materials may
not be available or amenable to 3D device fabrication. It
will be of interest in the future to explore surface reso-
nances in 3D PhCs with Weyl points; these will have fun-
damentally different properties compared to traditional
surface states because of radiative loss, which will give
rise to non-Hermitian effects on the surface.
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BAND STRUCTURE
The full 3D band structure for the chiral woodpile structure discussed in the main text is plotted in Fig. S1 The
two bands that make up the Weyl point are well-separated in frequency along the Y−Γ−X directions but are very
close in frequency along Γ− Z. We perform convergence tests in MPB that confirm that the degeneracy only occurs
at the Γ point. This structure also has a charge −2 Weyl point at R between bands 3 and 4 which lies below the light
line of air.
FIG. S1. 3D band structure of the chiral woodpile PhC. The PhC has the following parameters: dielectric constant of
rods (εrods) = 2.31, rod width (w) = 0.175a and rod height (h) = 0.25a, where a is the lattice constant in all three directions.
The inset contains the bands in the vicinity of Γ. The charge ±2 Weyl points are marked with a blue and red circle respectively.
CALCULATION OF BERRY PHASE
As discussed in the main text, we have numerically calculated the topological charge (Chern number) associated
with the Weyl points at Γ and R of the chiral woodpile PhC. Here we describe that algorithm, following Ref. [1].
Consider a closed contour C in momentum (k) space discretized into N points (k1, ...,kN−1) such that kN = k1.
The total phase acquired by a state undergoing adiabatic transport along this loop is numerically calculated by
θB(C) = −Im ln
(
N∏
i=1
〈ψ(ki)|ψ(ki+1)〉
|〈ψ(ki)|ψ(ki+1)〉|
)
(S1)
* These authors contributed equally to this work
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2θB(C) is a manifestly gauge-invariant quantity and is called the Berry phase. In our case, the states in a 3D PhC are
magnetic field eigenmodes of the Maxwell operator [2] that satisfy
∇×
(
1
ε(r)
∇×H(r)
)
=
(ω
c
)2
H(r) (S2)
and the inner product between two such eigenmodes is defined as
〈ψ1|ψ2〉 =
∫
H∗1(r) ·H2(r)d3r (S3)
This phase is calculated on circular contours that lie on constant kz planes as shown in Fig. S2 (b). The topological
charge of the Weyl point is the number of times the Berry phase winds as a function of kz.
FIG. S2. Calculation of the Berry phase around a Weyl point. (a) A closed contour in k-space. (b) The Berry phase
is calculated on circular contours that enclose the Weyl point. Each contour lies on a constant kz plane. (c), (d) Berry phase
vs. kz plots for charge +2 and charge −2 Weyl points at Γ and R respectively.
To show that the Weyl points are indeed symmetry protected and continue to exist even at low contrast, we start
with a high contrast version of our PhC and plot the band structure and Berry phase as the contrast is smoothly
lowered. An animated version of these plots can be found in the supplementary material.
COUPLING COEFFICIENTS BETWEEN INCIDENT PLANE WAVES AND PHC BLOCH MODES
To understand the relationship between the observed spectral features and the bulk bands, we calculate coefficients
that measure the polarization of Bloch modes. For this, we consider plane waves with s- and p- polarizations incident
along the Γ −X direction on the PhC-air interface and define the polarization coupling coefficients Cs and Cp and
mode coupling index κ [3–6]
ηp,k,n =
∣∣∫∫∫ yˆ ·Hk,n(x, y, z)dxdydz∣∣2
V
∫∫∫ |Hk,n(x, y, z)|2 dxdydz (1)
ηs,k,n =
∣∣∫∫∫ (cos θxˆ− sin θzˆ) ·Hk,n(x, y, z)dxdydz∣∣2
V
∫∫∫ |Hk,n(x, y, z)|2dxdydz (2)
κ = ηs,k,n + ηp,k,n; Cs/p =
ηs/p,k,n
κ
(3)
where Hk,n(x, y, z) is the magnetic field eigenmode of the PhC with momentum k and band index n, θ is the
angle of incidence along Γ − X and all integrals are calculated over a unit cell with volume V . κ goes from 0 to 1
and measures the strength of coupling to a plane wave of any arbitrary polarization while Cs and Cp measure the
overlap between s- and p-polarized plane waves and the Bloch modes. Large reflection for a certain range of angles
and frequencies in the absence of band gaps can then be thought of as either a polarization mismatch between the
incident wave and the Bloch mode, indicated by small Cs/p, and/or inefficient mode in-coupling, indicated by small
κ.
3In Fig. S3, we analyze a slice of the reflection spectrum that corresponds to Bloch modes with momenta k =
(0.1, 0, kz) (2pi/a). As previously stated, the band structure weighted by the coupling coefficients shows that there
are wavelength ranges where the states are nearly completely s- or p- polarized and/or have small mode coupling
index. We particularly point out the wavelength ranges ∼ 4.65− 4.8 µm in Fig. S3 (b) and ∼ 5.0− 5.15 µm in Fig.
S3 (d) (highlighted in blue) which coincide with the sharp increases in reflection. Moreover, the boundary separating
the reflecting and transmissive region coincides with band 4 at kz = 0 in s-polarization and band 5 at kz = 0 in
p-polarization plots, which are the Weyl bulk bands of interest. Thus the signatures of both bands and the Weyl
point are present in simulations and measurements done with 45◦ polarization.
FIG. S3. Polarization analysis of Bloch modes. (a), (c) Angle-resolved RCWA simulation of reflection spectra for p and s
polarizations respectively as shown in Fig. 3 of the main text. (b), (d) Reflection spectrum along the cut shown by the dashed
line in (a) and (c) and the band structure showing bands 3 to 12 for k = (0.1, 0, 0) to (0.1, 0, 0.5) (2pi/a). The color of the
circular dots indicates the value of Cs/p for the corresponding Bloch modes and their size is proportional to the value of κ.
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